The binding of deoxyribonucleic acid (DNA) to the outer membrane of Escherichia coli was examined. The amount of DNA found to be bound to outer membrane was low and was estimated to be about 0.4% of the total DNA. Treatment of cells with chloramphenicol or rifampin caused a disassociation of the apparent DNA-outer membrane complex. The results presented here suggest that the binding between membrane and DNA is specific and involves a membrane protein having a molecular weight of 31,000.
The cell envelope of gram-negative bacteria is a highly complex structure consisting of three morphologically and biochemically distinct layers, the cytoplasmic membrane, the peptidoglycan layer, and the outer membrane (for a review, see Freer and Salton [11] ). When the bacteria grow and divide, each daughter cell must receive a full genetic complement. A strict correlation must therefore exist between envelope growth, cell division, DNA replication, and DNA segregation. Jacob et al. have suggested that the bacterial chromosome is attached to the bacterial cell membrane and that this attachment is involved in the regulation of DNA synthesis and the segregation of the chromosome to the daughter cells (14) . In Escherichia coli data have been presented which indicate that both the chromosomal origin and the chromosomal replication point are associated with a membrane-like structure (1, 10, 16, 17, 20) . Different techniques have been used to isolate the DNA membrane complex of E. coli (8, 12, 13, 25) . Such complexes contain both cytoplasmic and outer membrane components (13, 20, 21, 24) . A role for the outer membrane in DNA replication has also been proposed on the basis of one study which indicated that the origin of chromosomal replication is associated with the outer membrane (20) . Recent experiments indicate that the specific binding of the origin to the membrane is mediated by a protein (5) and that this binding of DNA to the cell envelope is rapidly disrupted in vivo by rifampin and chloramphenicol treatment (6) . The effect of different antibiotics on the shape and size of nuclear bodies as well as the attachment of these nuclear bodies to the membranes of E. coli has been studied to gain further information about the association of DNA and membranes. Antibiotics such as chloramphenicol and rifampin cause a condensation of the nucleus to the center of the cell and a concomitant release of the DNA from the membrane (7, 8, 19, 28) .
This report is concerned with the association of DNA and the outer membrane of E. coli. Radioactively labeled DNA was traced to both the outer and cytoplasmic membranes, as has also been found by Gomez-Eichelman and Bastarrachea (12 Osborn et al. (22) . The membranes were separated into two main fractions by sucrose density gradient centrifugation (Fig. 1A) . The fractions were des-J. BACTERIOL. ignated OM (outer membrane) and CM (cytoplasmic membrane). As can be seen in Fig. 1A uCi/ml). At an optical density at 450 nm of 0.5, 100 ml of the culture was harvested, and the outer and cytoplasmic membr-anes were separated by isopycnic sucrose gradient centrifugation (A). The rest of the cultur-e was divided into three aliquots (100 ml). The cells were treated wvith chloramphenicol (200 pg/mlll) (B), rifamipin (200 pug/ml) (C), or nalidixic acid (20 ptg/ml) (D) and incubated for 100 mini before the cells were harvested and the membranes were separated.
min to about 80 min depending upon the drug used (23) . In contrast to this the addition of nalidixic acid causes an immediate cessation of DNA synthesis (4) . Nalidixic acid (20 Ag/ml) treatment for 100 min caused no disassociation of the observed complexes between DNA and the two membranes (Fig. 1D) (5) and that the DNA found to bind to the outer membrane is specifically enriched in origin DNA (20) (22) . The proteins of these two membranes were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (Fig. 2) . The gel tracks containing the outer membrane proteins and the cytoplasmic membrane proteins were sliced, and the amount of
[3H]thymine in each fraction was determined. As can be seen in Fig. 2 , the gel track containing the outer membrane proteins gave a relatively high background level of tritium counts, but one fraction in particular contained a much larger amount of [3H]DNA. This fraction also contained a minute amount of an outer membrane protein having a molecular weight of 31,000. In sharp contrast to this, it was found that almost no [3H]DNA entered the gel when the gel tracks of the separated cytoplasmic membrane proteins were analyzed (Fig. 2) , indicating that, in the latter case, the DNA bound to the cytoplasmic membrane was too big in size to pass the stacking gel (which was not sliced) and enter the 12% polyacrylamide gel.
The fact that DNA comigrated with one outer membrane protein in the gel was confirmed when the outer membrane was purified from a different strain [MM318(pED620)] using another isolation technique (the Sarkosyl method) (27) . Strain MM318pED620 was grown in Casamino Acids medium at 30°C to an optical density at 450 nm of about 0.4, 400 /iCi of [3H]-thymidine was added to the culture, and incorporation of isotope was allowed for 30 min. The outer membrane was then isolated from the cells, and the outer membrane proteins were separated by SDS-polyacrylamide gel electrophoresis. As a control, total sonicated bulk DNA was also added to the gel. In protein having a molecular weight of 31,000 (Fig.  3) . In contrast, total DNA did not enter the gel (data not shown).
In vitro binding of DNA to outer membrane involves a 31K protein. The apparent bond between the 31K outer membrane protein and DNA is probably covalent, since boiling in SDS-sample buffer did not result in separation of DNA from the protein (Fig. 4) . Because of this it could be argued that purified chromosomal DNA would contain the 31K outer membrane protein. Chromosomal DNA was therefore purified from cells prelabeled with [ 'H]thymine and r35s]methionine. The purified DNA preparation after DNase treatment was solubilized in SDS-sample buffer and subjected to polyacrylamide gel electrophoresis in SDS. This purified DNA contained one predominant protein class showing a molecular weight of 31,000 (indicated by arrows, Fig. 4 ). Purified outer membrane applied to the same gel contained a very minute amount of a protein with the same molecular weight as the predominating protein associated with purified DNA (Fig. 4) .
The celis from which the DNA was purified were also labeled with both [3H]thymine and
[ 35S]methionine. This labeled, purified DNA was added to a spheroplast suspension prior to sonication and separation of outer and cytoplasmic membrane (see Materials and Methods for details). Labeled purified DNA was found to be associated with outer membrane but not with cytoplasmic membrane (Fig. 5) [3"Slmethionine (20 fLg/ml, 0.05 1iCi/ltg). A 100-ml culture of strain CR34 was grown in unlabeled glucose minimal medium. At an optical density at 450 nm of 0.5, the cells were harvested and the membranes were separated. Prior to the sonication step, purified labeled DNA was added. Separation of the membrane fractions was carried out in a 13-ml discontinuous sucrose gradient. Outer membrane was found in fractions 1 to 9, whereas cytoplasmic membrane was found in fractions 16 to 24. purified DNA (Fig. 5 ). This indicates that there is a specific enrichment of protein in the DNA that is bound to the outer membrane in vitro. Thus, the in vitro binding of purified DNA to outer membrane proceeds with a concomitant binding of protein copurifying with purified DNA. DISCUSSION We found DNA associated with both outer and cytoplasmic membrane after separation of the membranes by isopycnic sucrose density gradient centrifugation. The DNA recovered in the outer membrane fraction was low and amounted to about 0.4% of the total DNA. After treatment of the cells with chloramphenicol or rifampin, the observed binding of DNA to the outer membrane was greatly reduced (Fig. 1) . On the basis of these results we argue that if the interaction between outer membrane and DNA is due to nonspecific aggregation during the preparation procedure, the amount of labeled DNA bound to the outer membrane fraction should be the same irrespective of the treatment to which the cells were subjected prior to harvest. Thus, it is likely that the observed interaction between outer membrane and DNA is not artificial in nature. When the bond between DNA and the outer membrane fraction was examined more carefully, it was found that labeled outer membrane DNA comigrated with one protein having a molecular weight of 31,000 (the 31K protein) after separation of the outer membrane proteins by SDS-polyacrylamide gel electrophoresis ( Fig.  2 and 3) .
How can these results be interpreted? There are three possible explanations: (i) a metabolic effect, i.e. the isotopes are degraded and incorporated specifically into the 31K protein; (ii) a certain fraction of DNA moves to a position in the gel corresponding in molecular weight to a 31,000-molecular-weight protein; (iii) the outer membrane protein, the 31K protein, binds specifically to DNA.
Our data are most consistent with the last hypothesis. A metabolic effect is highly unlikely, since (i) we have used three different isotopes, all with the same result, and (ii) a novel metabolic pathway has to be suggested to explain how one protein in particular can be labeled with DNA-specific isotopes. The fact that neither total bulk DNA nor cytoplasmic membrane DNA entered the gel rules out the possibility that a certain fraction of DNA moves to a position in the acrylamide gel corresponding in molecular weight to a 31,000-molecular-weight protein. Thus, the most likely explanation is that a specific protein, the 31K protein, is involved in the binding of DNA to the outer membrane fraction.
The bond between the 31K protein and DNA is probably covalent, since heating to 100°C in 140, 1979 48 WOLF-WATZ AND NORQNQVIST SDS-containing buffer did not separate the 31K protein from DNA (Fig. 3) . Therefore it was of interest that one protein having a molecular weight of 31,000 copurified with DNA (Fig. 4) . This protein seems to have affinity for the outer membrane, since almost the total amount of '"Slabeled protein that copurified with DNA was specifically bound in vitro to the outer membrane (Fig. 5) , indicating that the protein that copurifies with DNA has a specific affinity for the outer membrane. It is therefore possible that the protein associated with purified DNA and the 31K outer membrane-associated protein found to bind DNA are one and the same.
The amount of DNA found to comigrate with the 31K protein is much smaller than that of sonicated DNA found to be bound to the outer membrane fraction. Based on recovery data, the fraction of DNA comigrating with the 31K protein is about 0.003% of total DNA. If we assume that the 31K protein is involved in the origin specific binding to the outer membrane (see accompanying paper [27] ) and that there are a mean of four replication origins per cell, the piece of DNA that comigrates with the 31K protein can roughly be estimated to be about 50 to 75 nucleotides in length. The question is whether or not this polynucleotide affects the mobility of the 31K protein in the gel system used. To our knowledge there are in the literature no available data on the migration behavior of a DNA-protein complex in an SDS-polyacrylamide gel system. It must be assumed that a large percentage of DNA in such a complex would cause an abnormal migration behavior of this molecule. However, Baily and Apirin (2) have observed the migration behavior of RNA (4S, 5S) in the SDS-polyacrylamide gel system developed by Laemmli (15) . Using their data, it can be calculated that a single-strand polynucleotide exceeding 400 bases would not enter a 12% gel, whereas a 40-bases-long polynucleotide would migrate with the front (2). It is therefore possible that the piece of DNA found to comigrate with the 31K protein does not affect the migration behavior of this protein. In support of this are the following observations: (i) DNase treatment of purified outer membrane does not alter the position of the 31K protein in the gel; (ii) after DNase treatment of purified DNA a 31K protein copurifying with DNA is detected; (iii) induction of a Aasn transducing phage causes an increase of the 31K protein in the outer membrane (27) , which most likely is not accompanied with a corresponding increase of DNA found to be bound to this protein.
Thus, it is possible that the true molecular weight of this 31K protein-DNA complex is higher than 31,000. How can such a small piece of DNA be generated? One possible mechanism is that the 31K protein recognizes and binds to a certain DNA sequence. The release of the chromosome from the outer membrane could in this case be mediated by a site-specific endonuclease. As a consequence of this enzyme action a small polynucleotide is still bound to the 31K protein. Alternatively, the DNA bound to this protein is already very small in vivo. A small specific polynucleotide which is covalently bound to the 31K protein is synthesized. This DNA-protein complex may thereafter base pair to a specific part of the chromosome. In this latter case the DNA acts as helper to direct the 31K outer membrane protein to its target on the chromosome.
In conclusion, we have here demonstrated that DNA is bound to the outer membrane and that this link probably is mediated by a protein having a molecular weight of 31,000. In addition, it has been shown that the origin of replication is specifically bound to the membrane via a protein (5) and that outer membrane DNA is enriched in origin DNA (20) . Moreover, the binding between the cell envelope and the replication origin is rapidly disrupted in vivo by rifampin and chloramphenicol (6) . We therefore speculate that the 31K protein described here is involved in the origin-specific binding to the outer membrane fraction.
It must be emphasized, however, that outer membrane is here defined as a membrane of E. coli moving into a certain position in an isopycnic sucrose gradient, or a membrane structure which is insoluble in the detergent sodium lauryl sarcosinate. These two definitions do not rule out the possibility that DNA is bound to the outer membrane fraction through the observed zones of adhesion between inner and outer membrane (3), as has been pointed out by others (13, 20, 24) . However, the ultimate answer to this question must await until these adhesion zones have been isolated and characterized.
